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1. INTRODUCTION
Beam cooling is a fascinating subject [1], which attracts our curiosity as engineers and physicists for
several reasons: It (still) is one of the most advanced techniques for beam handling. It has lead - and
it will continue to lead - to spectacular achievements in elementary particle research. The physics of
beam cooling is very rich in itself and some of the papers are of great depth, predictive power and
beauty. Take e.g. Sands’ ‘essay’ [2] on radiation cooling, Robinson’s derivation of the theorem on
the sum of the decrements [3], van der Meer’s first (internal!) report on “stochastic damping of
betatron oscillations” [4], Budker and Skrinsky’s seminal tract on “electron cooling and new
possibilities in the physics of elementary particles” [5], or Neuffer’s illuminating explanation of
ionisation cooling [6]. As a rule (or almost), these ideas and papers were so much ahead of their
time that an experimental verification and the development of the technology were only started some
8 to 10 years after the invention.
In fact the history of beam cooling starts around 1950 with the bright idea to make good use
of synchrotron radiation, which had for long been only regarded as a nuisance, limiting the energy
of circular e-machines, betatrons at that time. The new suggestion (or suspicion) [7],[3] was that it
might serve for ‘radiation damping’ of electrons (and positrons). A decade later when the
pioneering e+ e- -‘cooling rings’ like AdA/ADONE [8] at Frascati had just started to work, the first
proposals for electron cooling [9] and stochastic cooling [4] were dreamt up. By now, some 40 years
later, these three cooling methods are very widely used. They have revolutionised beam physics and
indeed offered the new possibilities, which only the visionaries had dared to foresee, sometimes
with doubt and hesitation.
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successful development of laser cooling in ion traps. After (this time) a short incubation period, first
demonstrations succeeded in 1989/90 at the storage rings TSR in Heidelberg [11] and ASTRID in
Aarhus [12]. Finally ionisation cooling [6] has recently (re-)started to boom. The conception took
place already in the late 1960s fostered (in parallel to electron cooling) by Budker and Skrinsky [13]
(Sacha Skrinsky tells me that the fathers of the idea are A. Lebedev in the USSR and independently
G. O’Neil in the USA). Later on, D. Neuffer [6] at Fermilab joined the early promoters. The object
for Budker, Skrinsky and Neuffer has always been cooling of muon beams for a muon collider.
Since a few years, these ideas, and the related concept of a neutrino factory based on the decay of
circulating muon beams, have received a very wide attention [14]. Muon cooling is instrumental for
these projects and large collaborations in the USA [15] and in Europe [16] are discussing
experiments to test ionisation cooling.
In this introductory talk, I want to highlight the five cooling methods. I will try to sketch the
principles, work out their common features, underline their specific characteristics, and point to
possible future developments. Most of the methods mentioned will be treated in specialised talks at
this Workshop. I hope that my introduction can serve as ‘appetiser’ to those main dishes.
2. RADIATION COOLING
Back in 1956, A.A. Kolomenski and A.N. Lebedev [7] pointed out that the synchrotron light emitted
by an electron on a curved orbit can have a damping effect on the motion of the particle. This is
because the radiation is sharply peaked in the forward direction. The continuous emission of
synchrotron radiation leads to a friction force opposite to the direction of the motion. For a particle
moving on the design orbit, the energy loss is restored and the friction force is on average
compensated by the rf-system. For a real particle the residual friction force tends to damp the
deviation from the design orbit (Fig. 1). This cooling force is counteracted by the ‘radiation
excitation’: synchrotron light is really emitted in discrete quanta and these many small kicks tend to
heat the particle. The final emittances result from the equilibrium of radiation damping and
excitation.
Fig. 1: The principle of transverse cooling by synchrotron radiation (transverse velocities exaggerated)
The theory is in a mature state. Following up on Sands’ classical treatment on “the physics
of electron storage rings”, radiation cooling has found its place in text books and accelerator school
articles. The immense success of modern electron–positron machines, both ‘synchrotron light
facilities’ (like ESRF, ALS, APS, BESSY, SPRING8…) and colliders (like LEP, PEP II, KEKB…)
4would not have been possible without the full understanding of radiation effects. Virtually all these
machines depend critically on radiation cooling to attain the minute emittances necessary in their
application. Linear e+e- -collider schemes (like CLIC, TESLA, NLC, JLC) too, have to rely on
‘damping rings’ in their injector chain to produce the ultra-high phase-space density required.
The cooling rates as well as the final beam size and momentum spread depend on the lattice
functions in regions where the orbit is curved. The art is then to ‘arrange’ these functions such that
the desired beam property results. The strategy for ‘low emittance lattices’ is well developed and
‘third-generation machines’ providing beams of extremely high brightness have come into operation.
To enhance the cooling, wiggler magnets are used, producing a succession of left and right bends.
This increases the radiation and thereby the damping rates. The heating can be kept small by placing
the wiggler at locations where the focussing functions of the ring are appropriate to make the
particle motion insensitive to kicks.
Radiation cooling and lattice properties of the storage ring are thus intimately linked and by
smart design, orders of magnitude in the equilibrium emittances have been gained. This may serve
as example for other cooling techniques for which the art of ‘low emmittance lattices’ is only now
emerging. It is for this reason that I have mentioned radiation cooling here in some detail although,
apart from Y. Shatunov’s talk [17], it will not be a topic of this workshop.
3. STOCHASTIC COOLING
For (anti-)protons and heavier ions, radiation damping is almost negligible at the energies currently
accessible in accelerators. One of the ‘artificial’ cooling methods devised for these heavy particles is
stochastic cooling by a broadband feedback system (Fig. 2). The name ‘stochastic damping’ was
coined by van der Meer to underline the statistical basis of the method. At its core is the observation,
that the phase-space density can be increased by a system that acts to reduce the deviation of small
circumferential sections, called samples, of the beam. By measuring and correcting the statistical
fluctuations (baptised ‘Schottky noise’) of the sample averages, the spreads in the corresponding
beam properties are gradually reduced. Stochastic cooling may thus be viewed as a ‘sampling
procedure’ where samples are continuously taken from the beam and the average of each sample is
corrected.
Fig. 2: The basic set up for (horizontal) stochastic cooling
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receives its own ’coherent’ kick plus the ‘incoherent’ random kicks due to all other sample
members. The sample length (response-time) Ts is given by the bandwidth of the system through
Ts=1/2W and the number Ns of particles per sample is proportional to Ts. Hence large bandwidth is
important to work with small samples.
Based on the ‘sampling’ and/or the ‘test particle picture’ one derives in a few steps [18] a
simplified relation for the cooling rate of emittance ( 1/τ = (1/ε)dε/dt ) or momentum deviation
(1/τ = (1/∆p)d∆p/dt ):
The parameters appearing in (1) have the following significance:
N: No. of particles in the coasting beam
W: cooling system bandwidth
g: gain parameter ( g <1 )
M: desired mixing factor on the way kicker – pick-up ( M >1 )
M~ : undesired mixing factor on the way pick-up – kicker ( ÿM > 1 )
U: noise to signal power ratio ( for single charged particles) ( U > 0 )
Z: charge number of beam particles (≤ atomic number of the ion !) ( Z   1 )
There is an optimum value of g for which Eq. (1) has a maximum. As to the other
parameters, N and Z are properties of the beam, W is a property of the cooling system and M, M~ and
U depend on the interplay of cooling system-, beam- and storage ring characteristics. The term in the
bracket can at best be 1 but is more like 1/10 to 1/100 in real systems, depending on how well the
mixing and noise problems are solved. The ideal cooling rate W/N can be interpreted as the
maximum rate at which information on single particles can be acquired
Lattice parameters are especially important for the achievement of ‘good’ values of M, M~
and U, maximising the bracket […..] in Eq. (1). In addition to the struggle for large bandwidth, the
advance in stochastic cooling is intimately linked to progress in dealing with the noise and mixing
factors. The limitations on W will be discussed in F. Caspers’ paper [19]. In summary it can be said
that present-day systems are working with a bandwidth of 1 (or a few) GHz, the extension up to 10
(or a few tens of) GHz are discussed and the ‘optical bandwidth’ of 1013 Hz is dreamt of.
Turning to the mixing dilemma discussed at length in [20], we note that stochastic cooling
only works if after each correction the samples (at least partly) re-randomise (desired mixing), and at
the same time a particle on its way from pick-up to kicker does not slip too much with respect to its
own signal (undesired mixing). The mixing rates 1/M and 1/M~ are related to the fraction of the
sample length by which a particle with the typical momentum deviation slips with respect to the























=η and the similar quantity ηpk respectively. For a regular lattice the beam paths ‘K
to P’ and ‘P to K’ consist of a number of identical cells and one has
η kp ≈ η pk ≈ η =   γ tr--2 - γ --2 
i.e. the local η-factors are close to the off-momentum factor of the whole ring. In this situation the
ratio
ÿ
M /M is simply given by the corresponding path lengths (Tpk and Tkp). Then, e.g. in the case
of the AD where the cooling loop cuts diagonally across the ring, M~ ≈ M instead of the desired M~
>>1, M=1 . The usual compromise is to accept imperfect mixing, letting both
ÿ
M and M be in the
range of 3 to 5, say. As a consequence, the best possible cooling rate in the case of M~=M is
1/τ = 0.28 W/Ν   instead of 1/τ =  W/Ν  for perfect mixing.
‘Optimum mixing lattices’ (also referred to as ‘split ring designs’) have been proposed for
the 10 GeV ‘SuperLEAR’ ring [21] (which was, however, never built). The idea is to make the path
P to K isochronous (η pk = 0) and the path K to P strongly flight-time dispersive (η kp >> 0).
These lattice properties have to be reconciled with the many other requirements of the storage ring.
Perhaps the next generation of stochastic cooling rings will use such ‘split ring lattices’, as we will
hear in F. Nolden’s [22] and T. Katayama’s [23] contributions. It should be mentioned that the
condition η pk = 0, η kp >> 0 can increase the cooling rate for transverse cooling and for
longitudinal Palmer-Hereward cooling, but is not of help for momentum cooling by the filter
method where the time of flight over a full revolution is used as a measure of momentum.
This is not the end of the mixing dilemma: during momentum cooling, as ∆p/p decreases,
the M-factors increase and the mixing situation tends to degrade. One can in principle stay close to
the optimum by changing η (‘dynamic transition tuning’) as cooling proceeds. Similar
considerations hold for machines with variable working energy where, through a change of η, good
mixing can be maintained. Again these improvements might be incorporated in the next generation
of cooling rings.
As for the noise, from Eq. (1) it is clear that a balanced design aims at U/Z2 << M. The
noise to signal ratio depends on the technology of the pre-amplifier and other ‘low level
components’ on the one hand and on the sensitivity of the pick-up device on the other hand. There
has been great progress in the design of the pick-up and kicker structures and the other components
the cooling loop, as we will hear in F. Caspers’ [19] and J. Marriner’s and D. McGinnis’ [24]
contributions. The systems developed for the AC and the Fermilab p -source are in fact formidable
‘HIFI systems’ with an unprecedented combination of high sensitivity, low noise, great bandwidth,
large amplification, very linear phase response, and excellent compatibility with the ultra-high
vacuum of the storage ring.
New applications of stochastic cooling may include :
• fast cooling and stacking of low intensity radioactive ion beams with cooling times of 100 ms
or less as will be discussed by F. Nolden’s [22] and T. Katayama’s [23],
• cooling of the bunches in hadron colliders with cooling times in the range of hours to days, in
order to improve the luminosity life time [19], and
• fast optical stochastic cooling [25] (e.g. of intense muon beams) for which a bandwidth of 1012
– 1013 Hz and a new pick-up, kicker and amplifier technology, and new lattice designs have been
contemplated.
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can be discussed with reference to Fig. 3, which illustrates the optimum cooling time vs. intensity N.
For large N the cooling time increases linearly with the slope 1/W [M/(1 - M~ -2) 2 ]. This is the
mixing and bandwidth limit. For small N, cooling time levels off to a constant ‘noise limited’ value
Fig. 3: Sketch of cooling time vs. intensity (for the ‘mixing limit’ τ =10 N/W is taken in the figure)
reached for U>>M (note that U α 1/N). The art is to shift the leveling off to small N by improving
the signal to noise ratio. Theoretically, short cooling times are then possible (e.g. 10 ms for N= 105
Sn 50+ ions and a few 100 MHz bandwidth). However, other difficulties like the broadband power
needed for such rapid emittance decrease, and the residual rf-structure after debunching may pose
new problems for fast cooling and stacking.
Bunch cooling in large colliders, as F. Caspers will explain in more detail, has been
frustrated by an ‘unexpected rf-activity’ up to highest frequencies which may be due to hidden beam
instabilities. Optical stochastic cooling needs to meet formidable tolerances both in the cooling loop
and in the beam path. A completely new technology is needed for both. Pre-experiments using the
electron beam of the Advanced Light Source at LBL-Berkeley to test certain aspects have been
discussed but have (as far as I know) not yet started.
4. ELECTRON COOLING
The notions of ‘beam temperature’ and ‘beam cooling’ were introduced and become lucid in the
context of electron cooling, which is readily viewed as temperature relaxation in the mixture of a hot
ion beam with a co-moving cold electron ‘fluid’. The equilibrium emittances, obtainable when other
‘heating mechanisms’ are negligible, can easily be estimated from this analogy, assuming
equalisation of the temperatures (M ∆v2/ion ÿ m ∆v2 /electron). For a simple estimate of the cooling
time, another resemblance, namely the analogy with slowing down of swift particles in matter, can
be helpful. A lovely presentation of this subject is given in Jackson’s book [26]: the energy loss in
matter is due to the interaction with the shell electrons and in first approximation these electrons are
regarded as free rather than bound. Results for this case can be directly applied to the ‘stopping of
the heavy particles in the co-moving electron plasma’. The calculations are performed assuming
‘binary collisions’ involving only one ion and one electron at a time.
The cooling rate (1/τ ) thus obtained exhibits the dependence on the main beam and storage
ring parameters. Notable is the dependence on both the electron and the ion (both longitudinal and
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→→
∆+∆ατ . This indicates an ‘ion spread
dominated regime’, where cooling gets faster as the ions cool down until it saturates for
rmsermsi vv ////
→→
∆<∆ (‘electron dominated regime’). Remarkable also is the strong energy
dependence predicted in this model: 54γβατ , with all other parameters (including the electron
current density j) kept constant.
Neglected in the simple theory are the ‘flattened distribution’, the ‘magnetisation’ and the
‘electron space-charge’ effects, all three (also!) discovered and explained at Novosibirsk [27]. In
essence the flattened distribution effect takes into account that (due to the acceleration) the electron
velocity spread is not isotropic but contracted (by [Ecathode/Efinal]1/2) in the longitudinal direction. The
magnetisation effect is due to the spiraling (Larmor-) motion of the electrons in the magnetic field of
the solenoid that is used to guide the electron beam. Then for electron-ion encounters with long
‘collision times’ (impact parameter >> Larmor radius), the transverse electron velocity spread
averages to zero. Finally the electron space-charge induces a potential that leads to a parabolic
velocity profile v(r) over the beam whereas the ions exhibit a linear dependence v(x) and v(y) given
by the storage ring lattice. Hence the difficulty to match the ion and electron velocities. Flattening
and magnetisation can have a beneficial outcome, whereas space-charge has a hampering influence
on the cooling process. All three effects complicate the theory, spoil the hope for simple analytical
formulae and make the comparison between measurements at different machines, and even different
situations at the same cooler, difficult.
Many papers deal with the ‘exact and general theory’ [28] and computer programs like
BETACOOL [29] try to include all the subtleties. Numerous also are the experimental results from
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experiments because the cooling in each plane depends in a complicated way on the emittances in all
three directions both of the ion and the electron beam. Moreover different quantities are used to
measure/define ‘cooling strength’ (examples: cooling of a large injected beam, response of a cold
beam to a ‘kick’ or to a transverse or energy displacement, equilibrium with heating by noise …).
In the context of accumulation of lead ions for the future Large Hadron Collider LHC (see
M. Chanel’s contribution [30]), a program of experiments [31] was performed at the LEAR ring to
determine optimum lattice functions (G. Tranquille’s talk [32]). Results indicate rather small
optimum betatron functions (3 – 5 m instead of the expected 10 m) and large dispersion (D = 2– 3 m
instead of the expected 0 – 1 m). This behaviour and especially the dependence on dispersion are
fully reproduced neither by simple analytical formulae nor by BETACOOL [33]. I look forward to
further discussions at this meeting. There are other old questions that will benefit from discussion:
e.g. the (dis)advantage of magnetic expansion, the dependence of the cooling time on the charge of
the ion, the (dis)advantage of neutralising the electron beam, the enigma of the stability of the
cooled beam (V. Parkhomchuk’s [34] and C. Carli’s [35] contributions), the puzzle of the
anomalously fast recombination of certain ions with cooling electrons, the (dis)advantage of a
hollow electron beam.
Considerations so far concern electron cooling at ‘low energies’ (Te= 2 – 300 keV) where
cooling rings have flourished since the 1980s. More recently medium energy cooling (Te= 1 –
10 MeV) has re-gained a lot of interest ( see the contributions of Nagaitsev [36] and Wesolowski
[37] at this workshop ). Clearly the higher energy requires new technology and extrapolation to a
new range of parameters. Apart from the ‘bench tests’ under way at Fermilab [36] certain questions,
e.g. cooling with a bunched e-beam, should/could be tested on present coolers. Finally the idea [38]
of ‘high energy electron cooling’ (Te ≥ 50 MeV) has been revived as this might improve the
luminosity of RHIC (Ben-Zvi’s contribution [39]). At this energy the electron beam could circulate
9in a small ‘low-emittance storage ring’ with strong radiation damping. An attractive alternative is a
scheme [39], in which the low-emittance beam after acceleration is re-decelerated after the passage
through the cooling section to recuperate its energy.
In summary: 35 years after its invention and 27 years after its first experimental
demonstration, the field of electron cooling continues to expand with exciting old and new questions
to be answered.
5. LASER COOLING
Due to the pioneering work of the Heidelberg (TSR) [40] and Aarhus (ASTRID) [41] groups during
the last decade, laser cooling in storage rings has rapidly evolved into a very powerful technique.
Longitudinal cooling times as short as a few milliseconds and momentum spreads as small as 10-6
are reported. These bright perspectives are somewhat mitigated by two specific attributes: laser
cooling takes place (mainly) in the longitudinal plane and it works (only) for special ions that have a
closed transition between a stable (or meta-stable) lower state and a short-lived higher state. The
transition is excited by laser light, and the return to the lower state occurs through spontaneous re-
emission (Fig. 4). ‘Un-closed’ transitions, where the de-excitation to more than one level is possible,
are not suited because ions decaying to the ‘wrong’ states are lost for further cooling cycles. This
limits the number of ion candidates (although extended schemes with additional lasers to ‘pump
back’ from the unwanted states could enlarge the number of ion species susceptible to cooling). Up
to now, a few singly charged ions (like Li1+ , Be1+ or Mg1+) have been used with ‘normal’
transitions accessible to laser frequencies. Transitions between fine structure, or even hyperfine
levels of highly-charged heavy ions have also been considered, but in that case the cooling force is
less pronounced and not so much superior to the electron cooling force which increases with charge
( Q1.5 or even Q2).
Fig. 4: Sketch of Laser – ion interaction
The laser irradiates the circulating ions co-linearly over the length of a straight section of
the storage ring. The absorption is very sharply resonant at the transition frequency. Then the
Doppler shift (ω= (1 ± v/c)γωlaser) seen by the ion makes the interaction strongly dependent on its
velocity. This leads to a sharp resonance of the absorption as a function of the velocity (Fig 5). The
corresponding recoil (friction) force accelerates/decelerates the ions with a maximum rate at the
resonant momentum. To obtain cooling to a fixed momentum, a second force f(v) is necessary. It can
be provided by a second (counter-propagating) laser or by a betatron core or by an rf-cavity, which
decelerate the ions ‘towards the resonance of the first laser’ (Fig 5). The interaction with the laser
photons (hence cooling) takes place in the direction of the laser beam (longitudinal plane of the
ions). De-excitation proceeds by re-emission of photons in all directions and this leads to heating of
the ions in all three planes.
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Through transverse-to-longitudinal coupling, part of the cooling can be transferred to the
horizontal and vertical planes. Intra-beam scattering [42], dispersion [43] and special coupling
cavities [44] have been considered for this purpose. Transfer by scattering and by dispersion has
been demonstrated at the cooling rings, although the transverse cooling thus obtained was weak, a
fact explainable by the weakness of the coupling.
Fig. 5: Force F(v) due to a single laser and different schemes for cooling to a fixed velocity.
The main motivation for laser cooling has been the goal of achieving ultra-cold crystalline
beams [45] where the ions are held in place because the Coulomb repulsion overrides the energy of
their thermal motion. A second application, cooling of low-charge states of heavy ions, was
proposed [46] in order to prepare high-density drive beams for inertial confinement fusion. Finally
last year, a study [47] on the use of laser cooling of ions for the LHC was published. All these
applications for the moment meet with difficulties: crystallisation, in full three-dimensional beauty,
is hampered by the lattice properties of (present) storage rings and by the relative weakness of
transverse cooling. Cooling for fusion is not fast enough [48] to ‘compress’ the high-intensity large-
momentum-spread beam during the few milliseconds lifetime given by intra-beam charge exchange
between the ions. And, finally laser cooling of highly charged ions for colliders meets with the
competition of electron cooling and also with the restrictions on the choice of suitable ion species
and states [47].
In conclusion: laser cooling in storage rings has lead to very interesting and important results
concerning the physics of cooling and cooling rings and, I assume, also atomic and laser physics.
However, ‘accelerator applications’ like for electron or stochastic cooling are not realistic for the
near future.
6. IONISATION COOLING
The basic setup (Fig. 6 ) consists of a block of material (absorber) in which the particles lose energy,
followed by an accelerating gap (rf-cavity) where the energy loss is restored. Losses in the absorber
reduce both the longitudinal and the transverse momentum of the particle. The rf-cavity (ideally)
only restores the longitudinal component and the net result is transverse cooling (Fig. 7). There is an
obvious resemblance to radiation damping, in which energy loss by synchrotron radiation followed
by rf-acceleration results in cooling. Longitudinal ionisation cooling is also possible, especially in
the range where the loss increases with energy (i.e. above the minimum of dE/ds). At the expense of
horizontal cooling, the longitudinal effect can be enhanced by using a wedge-shaped absorber in a
region where the orbits exhibit dispersion with energy.
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Fig. 6: Basic setup for (transverse) ionisation cooling (adapted from [6])
Fig. 7: Sketch of the cooling of the transverse velocity component (transverse scale exaggerated)
The statistical fluctuations (‘straggling’) of the loss and the angular (multiple) scattering
introduce heating of the longitudinal and transverse emittances. The ratio of ionisation loss to
angular scattering favours light absorber material. Equilibrium emittances depend strongly on the
lattice functions at the position of the absorber and the cavity. As in the case of radiation damping,
the sum of the cooling rates (also in the case of a wedge absorber) is invariant with a value
Jx + Jy + JE = 2 + RE ≈ 2 for the ‘damping partition numbers’, instead of Jx + Jy + JE = 4 for radiation
damping. The quantity RE depends on the slope of the dE/ds vs. E -curve and is about constant and
roughly equal to 0.12 for light materials above the minimum of dE/ds, but is strongly negative
below. In terms of the partition numbers, the three emittance damping rates can be expressed by the

















A large number of cells or traversals through a cell is necessary to obtain appreciable emittance
reduction.
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Almost by a miracle, the muon mass falls into a narrow ‘window ‘ where ionisation cooling
within the short life of the particle looks possible (although not easy). For electrons as well as for
protons and heavier particles, the method is not practical, because of the effect of bremsstrahlung
(for e’s) and non-elastic processes in the absorber (for p’s), leading to unacceptable loss.
With the revival of interest for muon colliders and, related to that, neutrino factories [14],
large collaborations (including more than 70 participants from 15 institutes, see D. Neuffer’s
contribution [49] to this workshop) discuss ‘demonstration experiments’. Most neutrino factory and
muon collider proposals have to rely critically on muon cooling: typically 50 m to several 100 m
long channels with solenoidal focussing (superconducting solenoids) are foreseen to reduce the
phase-space of the muons emerging from pion decay. Liquid hydrogen absorbers, each 0.5 – 1 m in
length, alternate with high-field accelerating cavities.
To test muon cooling (see e.g. the papers in [16]), one variant is a ‘single particle
experiment’ where one muon at a time is traced. Fast spectrometers, capable of resolving 1 muon
per 25 ns, record/compare the 3 position coordinates and the 3 velocity components of the muon at
the entrance and the exit of a short cooling section. Typically such a test-section should lead to 10%
emittance reduction. The emittance pattern is ‘painted’ by a scatterer or a steering magnets changing
the entrance conditions of the particle at random (scatterer) or in a programmed manner. A large
number of muons are necessary to establish the six-dimensional phase-space reduction with
sufficient statistics.
Apart from the spectrometers, other challenges can be identified: long term mechanical
stability, muon decay and birth, contamination with other particles and non-linearities in focussing
which deform the emittance pattern. In the coming years we will see an immense effort on muon
cooling scenarios and tests. I regret that this development has not found a larger place at this
workshop.
7. COMMON FEATURES OF THE COOLINGMETHODS
Table 1 compiles some features of the cooling methods (radiation cooling not included). Each
method has its specific heating mechanism, apart from general heat sources like intra-beam
scattering, or scattering on the residual gas, or diffusion due to resonances, or power supply ripple,
or rf-noise. This counteracts the cooling and leads to equilibrium emittances, which depend
critically on the lattice functions. A careful choice of the lattice properties is essential, although
details are different for the different techniques. Stochastic cooling, which uses three (almost)
independent systems to cool the three emittance planes, has special attributes, compared to the other
methods which employ only one system.
It is also emerges that electron and stochastic cooling are quite complementary in their
dependence on beam characteristics. The combination of electron and stochastic cooling, as first
practiced in LEAR, leads to a healthy symbiosis.
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TABLE 1 : COMPARISON OF COOLING METHODS
Cooling Method
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8. CONCLUSIONS
Beam cooling by synchrotron radiation as well as stochastic and electron cooling are mature ‘beam
handling’ techniques. All modern electron machines rely on radiation damping and virtually all the
fine achievements with these machines are based on it.
Stochastic cooling has had its great success in antiproton physics (which culminated with
the discovery of the intermediate vector bosons, the top quark, and the synthesis of anti-hydrogen).
More recently it has also been proposed for the accumulation of rare radioactive ions for which it
will have a bright future.
Electron cooling is routinely used in the numerous low-energy cooling rings where it leads
to beams of unprecedented properties. Apart from the many atomic and nuclear physics applications,
it has been shown to be well suited for the accumulation of heavy ions at low energy in the injector
13
chain for large ion synchrotrons and colliders. Active work is under way to extend its application to
medium and high energy.
Laser cooling has very interesting physics and its main motivation so far has been the quest
for crystalline beams. Ionisation cooling is an indispensable ingredient of muon collider and
neutrino factory proposals. Great efforts are made to prepare demonstration experiments.
There is a lot of new activity developing and, in the years to come, beam cooling will surely
continue to offer novel possibilities to beam and particle physics.
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